Beating ADKH-RRAGD:

The role of the mTORC1 signaling pathway,
and therapeutic perspectives

Radboud
Dissertation

Series




Beating ADKH-RRAGD:

The role of the mTORC1 signaling pathway,
and therapeutic perspectives

Anastasia Adella



Beating ADKH-RRAGD: The role of the mTORC1 signaling pathway, and
therapeutic perspectives
Anastasia Adella

Radboud Dissertation Series
ISSN: 2950-2772 (Online); 2950-2780 (Print)

Published by RADBOUD UNIVERSITY PRESS
Postbus 9100, 6500 HA Nijmegen, The Netherlands
www.radbouduniversitypress.nl

Design: Proefschrift AlO | Annelies Lips
Cover: Anastasia Audrey & Sergio Hector
Printing: DPN Rikken/Pumbo

ISBN: 9789465151229
DOI: 10.54195/9789465151229
Free download at: https://doi.org/10.54195/9789465151229

© 2025 Anastasia Adella

RADBOUD
UNIVERSITY
PRESS

This is an Open Access book published under the terms of Creative Commons
Attribution-Noncommercial-NoDerivatives International license (CC BY-NC-ND 4.0). This
license allows reusers to copy and distribute the material in any medium or format in
unadapted form only, for noncommercial purposes only, and only so long as attribution
is given to the creator, see http://creativecommons.org/licenses/by-nc-nd/4.0/.



Beating ADKH-RRAGD:

The role of the mTORC1 signaling pathway,
and therapeutic perspectives

Proefschrift
ter verkrijging van de graad van doctor
aan de Radboud Universiteit Nijmegen
op gezag van de rector magnificus prof. dr. J.M. Sanders,
volgens besluit van het college voor promoties
in het openbaar te verdedigen op
maandag 20 oktober 2025

om 12.30 uur precies
door
Anastasia Adella

geboren op 7 september 1996

te Jakarta, Indonesié



Promotoren:
Prof. dr. J.G.J. Hoenderop
Dr. J.H.F. de Baaij

Copromotor:
Dr. P.A. Leermakers

Manuscriptcommissie:

Prof. dr. R. Nijveldt

Prof. dr. J. van der Velden (Amsterdam UMC)
Dr. B. Smeets



Beating ADKH-RRAGD:

The role of the mTORC1 signaling pathway,
and therapeutic perspectives

Dissertation
to obtain the degree of doctor
from Radboud University Nijmegen
on the authority of the Rector Magnificus prof. dr. J.M. Sanders,
according to the decision of the Doctorate Board
to be defended in public on
Monday, October 20, 2025

at 12:30 pm
by
Anastasia Adella

born on September 7, 1996

in Jakarta, Indonesia



PhD supervisors:
Prof. dr. J.G.J. Hoenderop
Dr. J.H.F. de Baaij

PhD co-supervisor:
Dr. P.A. Leermakers

Manuscript Committee:

Prof. dr. R. Nijveldt

Prof. dr. J. van der Velden (Amsterdam UMC)
Dr. B. Smeets



Table of contents
Chapter 1 | General introduction

Chapter 2 | Novel RRAGD variants in autosomal dominant kidney
hypomagnesemia and therapeutic perspectives

Chapter 3 | RRAGD variants cause cardiac dysfunctionin a
zebrafish model

Chapter 4 | RRAGD p.(Ser76Leu) variant causes constitutive activation
of mTORC1 and dysregulated expression of muscle
development and cytoskeleton genes in cardiomyocytes

Chapter 5 | General discussion
Chapter 6 | Summary
Chapter 7 | Samenvatting
Chapter 8 | Kesimpulan
Chapter 9 | Appendices
List of abbreviations
Research data management
References
About the author
List of publications

PhD portfolio

Acknowledgements

27

69

97

139

159

165

171

177
179
183
184
185
187
189

191









10

| Chapter 1

A key player in intracellular nutrient sensing

The ability of cells to sense and integrate nutrients is key to their survival. In 1964,
dr. Suran Sehgal and his team identified a novel compound from the soil bacteria
Streptomyces hygroscopicus on Easter Island. This compound, named rapamycin,
possesses anti-fungal, anti-tumor, and immunosuppressive properties." Three
decades later, in 1994, the mechanistic target of rapamycin (mTOR) was discovered
as a direct target of this compound. To achieve its inhibitory effect, rapamycin has
to be in complex with the 12-kilo Dalton FK506-binding protein (FKBP12).>* Ever
since, mTOR has been extensively characterized as a nutrient sensor due to its ability
to integrate various intra- and extracellular cues, and its roles in critical cellular
processes like cell growth, metabolism, and survival were established.® Due to this
central role, dysregulation of mTOR activity is associated with the development of
many diseases, such as different types of cancer, neurodegenerative diseases, and
metabolic diseases.

mTOR complexes

mTOR is an evolutionary conserved serine-threonine kinase, which forms the
catalytic subunit of two functionally distinct multiprotein complexes: 1) mTOR
complex 1T (mTORC1) is the rapamycin-sensitive protein complex characterized
by the adapter protein called Raptor, and 2) mTORC2 is the largely insensitive to
rapamycin protein complex and contains the adapter protein Rictor that binds
the mitogen-activated protein kinase (MAPK)-stress-activated protein kinase-
interacting protein 1 (Sin1) (Figure 1).24¢"" In addition to their respective defining
adapter proteins, mTORC1 and 2 also consist of the mammalian lethal SEC13
protein 8 (mLST8) that directly binds the kinase domain of mTOR and, thus, may
be the stabilizing factor of this domain.'? In addition to mTOR, Raptor, and mLSTS,
two endogenous inhibiting subunits proline-rich Akt substrate of 40-kilo Dalton
(PRAS40) and DEP domain containing mTOR interacting protein (DEPTOR) make
up mTORCT."™™ In mTORC2, DEPTOR and protein observed with RICTOR 1 and 2
(Protor1/2) are found in addition to the three core subunits (i.e., mTOR, Rictor,
and mLST8)." To function, mTORC1 and -2 respond to different upstream signals;
mTORC1 is sensitive to nutrients, growth factors, and stress, while mTORC2 is
activated by phosphoinositide 3 kinases (PI3Ks) and protein kinase B (Akt) signaling
in response to insulin and growth factor signaling (Figure 1).
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Figure 1. mTOR signaling in the cell. mTOR constitutes the kinetic subunit of two multimeric protein
complexes: mMTORCT and mTORC2. mTORC1 is sensitive to stimulation by various nutrients and stress
while mTORC2 is largely activated through insulin/PI3K signaling. 12-kDa FK506-binding protein
(FKBP12), 5" adenosine monophosphate-activated protein kinase (AMPK), DEP domain containing mTOR
interacting protein (DEPTOR), extracellular signal-regulated kinase (Erk), insulin receptor substrate (IRS),
mammalian lethal with SEC13 protein 8 (mLST8), mechanistic target of rapamycin (mTOR), mTOR
complex 1 (mTORC1), mTOR complex 2 (mTORC2), phosphatidylinositol-3, 4, 5-triphosphate (PIP),
phosphatidylinositol-4, 5-bisphosphate (PIP,), phosphoinositide-3-kinase (PI3K), protein kinase B (Akt),
pyruvate dehydrogenase kinase 1 (PDK1), rapamycin-insensitive companion of mTOR (Rictor), RAS
homologue enriched in brain (Rheb), Ras-related GTP binding proteins (Rag) A-D, regulatory-associated
protein of mTOR (Raptor), ribosomal s6 kinase (RSK), stress, activated protein kinase-interacting protein 1
(SinT), tuberous sclerosis complex 1 (TSC1), tuberous sclerosis complex 1 (TSC2).

mTOR signaling

mTORC1 activation is triggered by growth factor- and nutrient-abundant states
such as amino acids and insulin (Figure 1). Nutrient-depleted state, DNA damage,
energy stress, and hypoxia, on the other hand, inhibit mTORC1 activation. Amino
acid sensing plays an important part in mTORC1 recruitment to the lysosomal
surface via the Ras-related guanine triphosphate (GTP) binding proteins (Rag
GTPases; RagA-D).'*"” Growth factors (e.g. IGF-1 and insulin) have a dual role in
the regulation of MTORC1 as they can induce nutrient uptake and could directly
stimulate mTORC1 via the PI3K pathway that enhances Akt signaling. This, in turn,
dampens the inhibition of the GTPase RAS homolog enriched in the brain (Rheb)
by the tuberous sclerosis complex (TSC) 1 and 2.'8" Rheb is a well-known allosteric
activator of the mTORC1 that resides on the lysosomal surface.?*2' Ultimately,
mTORC1 integrates these stimuli to exert its main role in controlling cell growth
and metabolism (Figure 2).
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To sustain cell growth and metabolism, mMTORC1 promotes anabolic activities such
as nucleotide, protein, and lipid synthesis via Lipin1, sterol regulatory element
binding proteins (SREBPs), S6 kinase (S6K), eukaryotic initiation factor 4E-binding
protein 1 (4E-BP1), and Lipin1. Moreover, it inhibits catabolic activities such as
autophagy via Unc-51 like autophagy activating kinase 1 (ULK1) and transcription
factor EB (TFEB) (Figure 2).222 TFEB is known as the master regulator of lysosomal
biogenesis via transcription regulation of the Coordinated Lysosomal Expression
and Regulation (CLEAR) network.?**" More recently, two distinct mTORC1 signaling
pathways have been established: the canonical pathway that involves the
activation of cytoplasmic targets such as S6K and 4E-BP1, and the non-canonical
pathway, which involves mTORC1 lysosomal targets such as TFEB (reviewed in 32).
How and when the two distinct mTORC1 pathways are activated will be discussed
in the later sections.

Unlike the extensive characterization of mTORC1, far less is known about the
regulation and effectors of mTORC2, which can largely be attributed to the lack
of mTORC2-specific inhibitors. Based on most recent studies, mTORC2 localizes to
multiple subcellular compartments where it is differentially requlated based on its
localization (discussed in more detail elsewhere 33). The most well-characterized
activator of mTORC2 at the plasma membrane is insulin through the PI3K
pathway (Figure 1). Upon stimulation by growth factors, PI3K phosphorylates
phosphatidylinositol-4, 5-bisphosphate (PIP,) at the plasma membrane, producing
phosphatidylinositol-3, 4, 5-triphosphate (PIP,). PIP, co-recruits Akt and mTORC2 to
the plasma membrane and directly releases autoinhibition of mTORC2 to stimulate
Akt phosphorylation.3*** mTORC2 is known to phosphorylate Akt at the Ser473
site, which, together with PDK1-dependent phosphorylation of Akt at Thr308,
strengthens Akt activation.?*3” On the other hand, Angiotensin Il drives mTORC2
activity to specifically phosphorylate the Ser442 site of serum and glucocorticoid-
induced protein kinase 1 (SGK1) at a perinuclear compartment.® Other than Akt
and SGK1, other mTORC2 targets that have been identified include members of the
A, G, and C (AGCQ) kinases, such as protein kinase Ca (PKCa) and SGK3.%23%4° Through
these substrates, the role of mTORC2 in regulating cell survival, cytoskeleton
dynamics, and sodium and potassium homeostasis has been established (Figure 3).
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Figure 2. Downstream mTORC1 signaling. Upon activation, mTORC1 phosphorylates its downstream
targets. Through this, mTORC1 activates anabolic activities (in blue) and inhibits catabolic activities (in
red) to support cell growth and proliferation. Eukaryotic translation initiation factor 4E binding protein 1
(4E-BP1), mechanistic target of rapamycin complex 1 (mTORC1), ribosomal S6 kinase (S6K), sterol
regulatory element binding proteins (SREBPs), transcription factor EB (TFEB), Unc-51-like autophagy
activating kinase 1 (ULK1).

Figure 3. Downstream mTORC2 signaling. mTORC2 mainly regulates cell survival, structure and
movement through cytoskeleton dynamics, and Na* and K* homeostasis via its downstream target
kinases. Protein kinase B (Akt), mechanistic target of rapamycin complex 2 (mTORC2), protein kinases
(PKCs), serum and glucocorticoid-induced protein kinases (SGKs).

13
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The Rag GTPases

Interestingly, extensive recent studies into mTORC1 have changed the view on
how this protein complex behaves. Originally, mTORC1 is thought to target its
downstream substrates unselectively. Instead, different cues, such as specific
Rag GTPases dimerization, can determine the substrate specificity of mTORC1 in
a selective manner,*#? indicating that a delicate balance of upstream signals is
needed to drive mTORC1 activity.

In mammals, four members of the Rag GTPases are present: RagA-D (Figure 4). In
Drosophila melanogaster, Caenorhabditis elegans, and Saccharomyces cerevisiae,
only two copies of these genes (i.e.,, Gtr1 and Gtr2) are found. Each Rag protein
consists of a GTP-binding domain and a C-terminal roadblock domain. These
Rag GTPases are tethered to the lysosomal surface through a pentameric protein
complex called Ragulator (Figure 4).**** Together, RagA-D work as an intracellular
amino acid sensor that ultimately supports the recruitment of mTORC1 to the
lysosomal surface.

In the presence of amino acids, RagA and RagB bind GTP while RagC and RagD bind
GDP, subsequently forming heterodimers between RagA/B and RagC/D (Figure 4).%
4 These heterodimers recruit mTORC1 to the lysosomal surface.***° The nucleotide-
binding of the Rag GTPases depends on the activity of their respective guanosine-
nucleotide exchange factor (GEF) and GTPase-activating protein (GAP) activities.
Leucine and arginine abundance blocks the inhibition of the GAP towards TOR
(GATOR) complex 2 (GATOR2) by Sestrin2 and cellular arginine sensor of mTORC1
(CASTOR1).%® This allows GATOR2 to inhibit GATOR complex 1 (GATOR1), a GAP
for RagA/B that promotes GTP hydrolysis to GDP. RagA/B is activated by a protein
complex called Ragulator, which acts as a GEF towards RagA/B by converting
RagA/B®P to the active RagA/BS™ conformation. This activation is promoted by the
vacuolar H*-ATPase (V-ATPase).***! To regulate RagC/D activity, the folliculin (FLCN)
forms a complex with FLCN-interacting protein (FNIP) 1 or 2. FLCN-FNIP acts as a
GAP towards RagC/D and not towards RagA/B, converting RagC/D¢™ to their active
RagC/DC®P?form under an amino acids-rich state.>2*3

Not two peas in a pod

Initially, due to high structural similarities between RagA and RagB, as well as
between RagC and RagD, these pairs are thought to be functionally redundant
and are used interchangeably in experimental works. However, recent studies have
demonstrated that Rag GTPases are not identical and that the presumed dimer
coding does not switch mTORC1 activity in an all-or-none manner.*#? Instead,
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Figure 4. Regulation of Rag GTPases. Rag GTPases serve as intracellular amino acids sensors. Upon
amino acids availability, a series of upstream signaling activities convert the nucleotide binding state
of Rag GTPases to their active conformation (i.e,, RagA/B to GTP, while RagC/D become GDP-binding).
Cytosolic arginine sensor for mTORC1 subunit 1 (CASTOR1), folliculin (FLCN), folliculin interacting
protein (FNIP), GTPase-activating protein (GAP) towards TOR complex 1(GATOR1), GATOR 2 (GATOR2),
Ras-related GTPase A-D (RagA-D), vacuolar H*-ATPase (V-ATPase).

Figure 5. mTORC1 signaling specificity depends on Rag GTPase dimer coding. In nutrient-rich
conditions where RagA/B is bound to GTP and RagC/D is bound to GDP, mTORC1 is recruited and
activated. In dimers containing RagA/B and RagC, mTORC1 is activated but localized less to the
lysosome. Here, cytosolic substrates of mTORC1 such as S6K is favored over lysosomal substrates such
as TFEB. In dimers containing RagA/B and RagD, on the other hand, recruits mTORC1 to the lysosomal
surface more than RagC-containing dimers. Consequently, both cytosolic and lysosomal targets of
mTORC1 are equally stimulated. Mechanistic target of rapamycin complex 1 (mTORC1), Ras-related
GTPase A-D (RagA-D), ribosomal S6 kinase (S6K), transcription factor EB (TFEB).
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depending on which proteins make up the dimers, mTORC1 will target its substrates
in a specific manner (Figure 5). Gollwitzer et al. showed that RagC and RagD dictate
mTORC1 sensitivity towards its’ substrates differently, with RagD being a more
potent recruiter of mMTORC1 to the lysosomes.** Consequently, RagD promotes
phosphorylation of non-lysosomal (i.e., S6K) and lysosomal mTORC1 targets (i.e.,
TFEB). RagC induces phosphorylation of S6K at the same level as RagD but not
TFEB (Figure 5). This study signifies that upstream signaling dictates the manner
of mTORC1 activation and determines substrate specificity, further supporting the
existence of distinct mTORC1 canonical and non-canonical signaling pathways.

ADKH-RRAGD

Given the key roles of the Rag GTPases in linking nutrients and mTORC1 signaling,
aberrant activities of the Rag GTPases signaling have been associated with
human diseases. Recently, we reported the first pathogenic RRAGD variants
where 8 individuals and 1 large family were described (Table 1).>* The affected
individuals exhibited kidney tubulopathy, as suggested by renal salt wasting,
hypomagnesemia, hypokalemia, hypercalciuria, and nephrocalcinosis, as well
as dilated cardiomyopathy (DCM). This novel disease is now called autosomal
dominant kidney hypomagnesemia RRAGD (ADKH-RRAGD). Another ADKH-RRAGD
case was reported in 2023, in which a novel p.(Pro88Leu) RRAGD variant was
identified in one family (Table 1).°* Based on structural prediction and nucleotide
binding assay, the identified RRAGD missense variants were found to impair the
GTP binding capability of RagD, thus leaving RagD in a continuous GDP-bound or
nucleotide-free state that are both active conformations of this protein.>*%

As a newly studied disease, the etiology and pathogenesis of ADKH-RRAGD are still
atlarge. As mentioned above, the key clinical characteristic of ADKH-RRAGD patients
is kidney tubulopathy in combination with DCM. Nonetheless, the symptoms of the
patients vastly vary (Table 1). Moreover, the RRAGD variants seem to have variable
expressivity, as not all patients exhibited the same clinical manifestations. For
example, not all patients who share the same p.(Ser76Leu) variant develop DCM,
and all patients with the p.(Thr97Pro) variant do not develop DCM until the most
recent clinical follow-up. This suggests that the variants alone do not determine
the clinical outcome in ADKH-RRAGD patients. Therefore, identifying more
patients and understanding the disease course will be beneficial to improve future
patients’ diagnoses.

Aside from the genotype-phenotype correlation, the consequences of the RRAGD
variants on mTORC1 signaling are still under debate. While it is agreed that these
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variants result in mTORC1 overactivation, whether canonical and non-canonical
mTORC1 signaling is involved is disputable. We reported that these variants
result in the overactivation of canonical mTORC1 signaling in HEK293 cells (i.e.,
increased phosphorylation of S6K).>* On the other hand, Sambri et al. suggested
that the RRAGD variants only stimulate mTORC1 non-canonical signaling via TFEB
phosphorylation.®> Most importantly, how RRAGD is important in regulating renal
ion transport and maintaining cardiac function is still elusive. Thus, clarification on
how RRAGD variants found in ADKH-RRAGD patients affect mTORC1 signaling and
how this leads to kidney tubulopathy and DCM is necessary.

This thesis focuses on understanding the etiology and pathogenesis of ADKH-
RRAGD at the clinical and molecular levels. In the following sections, we will
describe how RRAGD might play a role in regulating kidney and heart function and
the knowledge gaps.

17




‘uoljejue|dsuel) Jieay je syuaned Jo abe abeIDAR B} SIILDIPUI ¢ ¢ [D I3 IGUIES 5 PUE "D 13 SOINIH P 4 ,s"[D 19 UuRWBUIYDS, A paliodai sjualied

sWA60)9 (Key)8/L (A Lp)SOA (1A op) soA ON ON ON ON ON ON (AGL)soA (IKST)seA (A €€)saA  uonejue|dsuesy yieay
9 ON SOA SOA ON ON SOA SOA SOA ON SOA SOA SOA WDa

an 8/8 SOA SIA 8/C SOA ON ON ON SIA SO\ - ON sisojeyj|e dijoqeid |\

8 8/¢ - - 8/¢ SOA SOA ON SOA ON SOA ON ON eunkjod

L 8/€ SOA SOA 8/l SOA SOA ON SOA ON SOA SOA SOA sisounjed>oaydan

[*r4 SOA SOA SIA SOA SOA SIA SIA SOA SIA SIA SOA SOA ejwasaubewodAH
1oL (8=u) L4 zold Lotd  (8=u)8d 1’84 L'z4 194 LS4 LA L'ed 1'ed LI'L4 juaned
188d 1945 1945 dZ6L  M9LS  I6Lld 1945 d6Lld  19/S MLeal ¥61lld 1948 sjuelieA @ovyY

(1h67)9 (Kep)8/L (A Lp) SO (1A op) sap ON ON ON ON ON ON (AGL)sop (IKG7)seA (K €g) oA  uonejuejdsuery yiesy
9 ON SOA SOA ON ON SOA SOA SOA ON SOA SOA SOA WDa

L1 8/8 SOA SOA 8/¢ SOA ON ON ON SOA SOA - ON sisojeyj|e dijoqe3a |y

8 8/¢ - - 8/¢ SOA SOA ON SOA ON SOA ON ON eunAjod

zl 8/¢ SOA SOA 8/1 SOA SOA ON SOA ON SOA SOA SOA m_mO:_U_MUO._—_n_wZ

9C SOA SOA SOA SOA SOA SO\ SO\ SOA SOA SO\ SOA SOA ejwasaubewodAH
(8=u) L 14 zold Lold  (8=u)sd 1'84 L'z4 Lo I'sd LA L'ed 1'zd LI'Ld uaned

TvioL -188d 41945 a19LS  dL6L <M9LS ¢16LLd 19LS  H6LLd <19LS  MLTZI  <H6LLd <1945 sjuelieA @oVHY

| Chapter 1

18

*s3sed goyYY-HIAY pariodas ui suonelsajiuew jesuipd sjyuaned jo Llewwns °| sjqeL



General introduction |

Rag GTPases in the kidney

mTOR has been identified as a central player in several kidney diseases, such
as acute kidney injury (AKI) and chronic kidney disease (CKD) (reviewed in 578),
Moreover, in the last decade, mTOR complexes have been implicated in the
regulation of ion transport along the kidney tubule beyond cell metabolism and
proliferation.*® Interestingly, the kidney tubulopathies in ADKH-RRAGD patients are
reminiscent of familial hypomagnesemia with hypercalciuria and nephrocalcinosis
(FHHNC), which is caused by variants in the CLDN16 and CLDN19. €% CLDN16
and CLDN19 encode for the tight junction proteins Claudin-16 and Claudin-19,
respectively. These tight junction proteins gatekeep the passive Mg?* and Ca?*
transport in the thick ascending limb (TAL) of the nephron. A subset of patients
also displayed hypomagnesemia and hypokalemia without hypercalciuria and
nephrocalcinosis. These phenotypes are similar to that seen in Bartter type lll and a
mix with Gitelman syndrome, where defects in the distal convoluted tubule (DCT)
are found.®*%¢ Interestingly, RagD is most highly expressed in the TAL and DCT
sections of the nephron in mouse kidneys *4, suggesting that these two regions are
the most likely to be affected by the RRAGD variants. Nevertheless, the role of RagD
in the kidney has not yet been well-studied.

Recent studies have hinted at the involvement of Rag GTPases in regulating renal
cell metabolism and ion transport. For instance, variants in FLCN gene, the GAP of
RagC and RagD, give rise to Birt Hogg-Dubé syndrome in which hyperactivation
of mTORC1 is present.>? A recent study has unveiled that constitutive activation of
TFEB is the main driver of kidney abnormalities in a Birt Hogg-Dubé mouse model.®”
In addition to Birt Hogg-Dubé syndrome, TFEB function has also been associated
with cystinosin expression, which is causative for nephropathic cystinosis.®*7°
Taken together, Rag GTPase regulation on TFEB activity seems to be important
for maintaining normal kidney function. In ADKH-RRAGD patients, it is not clear
whether the constitutively active RagD leads to TFEB overactivation. Therefore, it
would be interesting to study whether mTORC1 and TFEB overactivation are the
main culprits of kidney tubulopathies in these patients.

Rag GTPases in the heart

In addition to the kidney, the role of mTOR kinase is also widely studied in the heart.
Both mTORC1 and mTORC2 are important for the physiology and pathophysiology
of the heart, playing a role throughout a lifespan from embryonic development to
post-natal homeostasis.”” During embryonic development, cardiomyocytes exhibit
high proliferation activity to sustain heart growth. Studies have shown that the
expression of mTOR complex components and upstream regulators is crucial at
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this embryonic stage for heart development and survival.’>”> Mammalian hearts
are considered mature after birth, and cardiomyocytes are considered post-mitotic.
However, recent studies have revealed that mature cardiomyocytes possess limited
regenerative capability.”*’> Thus, mTOR signaling is crucial for maintaining cardiac
structure and function under normal conditions and during adaptation to stress.”

Compared to the kidney, the role of Rag GTPases in preserving cardiac function
is more established. Variants in RRAGC give rise to pediatric DCM, hepatopathy,
and brain abnormalities.”®”® In vitro and zebrafish studies revealed that the RRAGC
p.(Ser75Tyr) variant leads to the overactivation of TFEB. This caused aberrant
autophagic and lysosomal function, which culminated in heart defects.”” RagA
and RagB have also been demonstrated to be crucial for cardiac function. Deletion
of RagA/B from cardiomyocytes in mice resulted in cardiac hypertrophy due to
constitutive activation of TFEB and subsequent lysosomal dysfunctions.” In ADKH-
RRAGD patients, whether the overactivation of mTORC1 and TFEB is responsible for
DCM remains unclear. Additionally, it is still uncertain if any abnormal lysosomal
and autophagic activities are associated with this condition. Based on previous
studies on RagA-C, it is hypothesized that the overactivated mTORC1 caused by
RRAGD variants leads to TFEB inhibition. Consequently, pathways downstream of
TFEB (i.e., lysosomal biogenesis and autophagy) become dysregulated, ultimately
resulting in cardiac dysfunction.

mTOR inhibition: a potential treatment?

Treatment for kidney tubulopathy ADKH-RRAGD patients has largely been
symptomatic through oral magnesium and potassium supplementation.>* To manage
DCM, heart failure medications have been prescribed.>* However, this method does
not address the underlying issue, and the conditions may continue to deteriorate.
Therefore, a more direct, targeted medication could improve patients’ quality of
life. Given the overactivation of mTORCI, it is plausible that pharmacological mTOR
inhibitors could offer a potential treatment for ADKH-RRAGD patients.

FDA-approved mTOR inhibitors, all derivatives of rapamycin or rapalogues, are
commonly used in clinical settings to treat various diseases, including renal diseases
and cancers, and as immunosuppressants after kidney transplantation. Numerous
preclinical studies and clinical observations have also utilized mTOR inhibitors to
investigate their effects on heart and kidney function. In the kidney, inhibition of this
signaling pathway influences tubular transport, among other targets.>® For instance,
prolonged use of rapalogues is known to cause hypomagnesemia and phosphaturia
in kidney transplant patients. Additionally, the use of sirolimus in various cellular and
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animal models has altered ion homeostasis.” In different heart disease models, such as
aging, cardiac hypertrophy, and ischemic injury, pharmacological inhibition of mTOR
has generally been beneficial and has improved cardiac function (reviewed in ).
Based on these results, it would be intriguing to explore whether mTOR inhibition
could ameliorate ion imbalance and cardiac function in ADKH-RRAGD patients or in
animal models that carry these RRAGD variants.

Outline of this thesis

This thesis aimed to unravel the molecular mechanisms contributing to kidney
tubulopathy and DCM in ADKH-RRAGD patients while identifying potential
therapeutic approaches. To achieve this, the effects of RRAGD variants on
mTORC1 signaling were examined. It is hypothesized that these variants lead
to the overactivation of both canonical and non-canonical mTORC1 signaling.
Subsequently, the consequences of the variants on kidney and heart function at
both cellular and organismal levels were studied. Ultimately, this thesis highlights
the importance of RagD in the heart and kidney, as well as in health and disease.
Looking toward future patient care, the results of this thesis will assist in diagnosing
more ADKH-RRAGD patients who may currently be undiagnosed and will further lay
the groundwork for providing more precise medication for these patients.

Chapter 2 describes a new cohort of ADKH-RRAGD patients with various novel and
previously identified RRAGD variants. Here, the effects of the variants on mTORC1
signaling were examined using an in vitro model. Moreover, patients’ responses
to the diuretics furosemide and hydrochlorothiazide were assessed. Lastly, as a
potential treatment approach, the effects of dapagliflozin on serum Mg?* levels
in ADKH-RRAGD patients were examined. In chapter 3, using zebrafish embryos,
the RRAGD p.(Ser76Leu) and p.(Pro119Arg) variants were modeled to study the
effects of the variants on zebrafish heart and kidney function. Furthermore, the
impact of rapamycin treatment in this model was investigated. Chapter 4 aimed
to further delineate the molecular mechanisms underlying DCM in patients with
the most prevalent RRAGD variant, p.(Ser76Leu), using an in vitro model. In this
chapter, a human induced pluripotent stem cell-derived cardiomyocyte (hiPSC-
CM) cell line carrying the RRAGD p.(Ser76Leu) (c.227C>T) was generated and
characterized. Furthermore, the effects of the variant on mTORC1 signaling were
assessed. Together, the main findings of this thesis were discussed in chapter 5 and
summarized in chapters 6-8.
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Abstract

Introduction

Variants in the Ras-related GTPase D (RRAGD) have been associated with autosomal
dominant kidney hypomagnesemia (ADKH) characterized by hypokalemia,
nephrocalcinosis, and dilated cardiomyopathy. RRAGD, which encodes for RagD
protein, is involved in the activation of the mechanistic target of rapamycin
complex 1 (mTORC1). Due to the limited characterization of patients’ phenotypes,
the understanding of ADKH-RRAGD remains incomplete. Consequently, available
treatment strategies are primarily symptomatic and insufficient.

Methods

In the present case series, 12 new patients and 3 novel RRAGD variants, i.e.
p.(Ser77Phe), p.(Thr91lle), and p.(Ile100Arg), are described. To assess the
pathogenicity of the novel variants, an in vitro assay of mTORC1 activity was
performed. Additionally, the clinical response to diuretics (furosemide (n=4) and
thiazide, (n=4)) and SGLT2 inhibitor dapagliflozin (n=6) was evaluated in patients
carrying the RRAGD p.(Thr97Pro) variant during routine.

Results

The patients presented with kidney tubulopathies, including hypomagnesemia,
hypercalciuria, and nephrocalcinosis. Four patients also exhibited dilated
cardiomyopathy. In vitro assays demonstrated constitutive activation of non-
canonical mTORCT signaling caused by the p.(Ser77Phe) and p.(lle100Arg) variants.
Clinically, patients remained sensitive to diuretic challenges, while dapagliflozin
treatment increased serum magnesium (Mg®*) concentrations by 0.04 mM but
exacerbated hypokalemia.

Conclusion

To date, 36 patients with ADKH-RRAGD have been identified. Kidney tubulopathy
is the most prominent feature within the phenotypic spectrum of ADKH-RRAGD.
Molecularly, constitutive activation of non-canonical mTORC1 is present in most
RRAGD variants. From a therapeutic perspective, dapagliflozin may increase serum
Mg?* levels in patients with RRAGD variants.

Keywords: dapagliflozin, dilated cardiomyopathy, kidney tubulopathy, magnesium,
RRAGD, mTORC1
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Introduction

Recently, we identified gain-of-function variants in Ras-related GTPase D gene
(RRAGD) as the cause of autosomal dominant kidney hypomagnesemia (ADKH), which
is associated with hypokalemia, salt wasting, hypercalciuria, and nephrocalcinosis.’
In a subset of ADKH-RRAGD patients, these kidney defects co-occurred with dilated
cardiomyopathy (DCM), requiring early heart transplantation.” Since our initial
report, additional familial cases of ADKH-RRAGD have been reported.??

RRAGD encodes for the small GTPase RagD, one of the four Rag GTPases in
mammalian cells (i.e., RagA-D) that serve as intracellular amino acids (AA) sensors.**
Upon AA signaling, Rag GTPases form heterodimeric complexes composed of RagA
or RagB with RagC or RagD.5® In their active states, GTP-bound RagA/B and GDP-
bound RagC/D recruit the mechanistic target of rapamycin complex 1 (mTORC1)
to the lysosomal surface, resulting in mTORC1 activation.>'® From there, mTORC1
phosphorylates its downstream targets such as the canonical cytosolic targets S6
kinase (S6K) and eukaryotic initiation factor 4e-binding protein 1 (4E-BP1), and its
non-canonical lysosomal targets such as the transcription factor EB (TFEB).""""”

mTOR inhibition has been proposed as a potential treatment strategy to prevent
dilated cardiomyopathy due to pathogenic RRAGD variants. Overexpression of the
RRAGD-associated variants p.(Ser76Leu) and p.(Pro119Arg) in zebrafish embryos
resulted in cardiac dysfunctions.’ Furthermore, exposure to rapamycin, an mTOR
inhibitor, rescued these phenotypes.”® Nevertheless, clinicians have been hesitant
to prescribe lifelong mTOR inhibitors given their immunoinhibiting properties and
the lack of supporting evidence for ADKH-RRAGD patients. Therefore, patients with
stable heart function are treated with magnesium and potassium supplements,
limiting their options to symptomatic treatment only. For those with heart failure
and mildly reduced ejection fraction, standard therapy includes diuretics and Na*-
glucose cotransporter 2 (SGLT2) inhibitors.'>?° Still, these patients are characterized
by chronic ionic disturbances caused by a poorly understood tubular dysfunction,
which might be pharmacologically improved or aggravated. This highlights the
need for detailed phenotypic characterization and evaluation of diuretic response
in ADKH-RRAGD patients.

Here, we report on a new cohort of twelve ADKH-RRAGD patients, including three
novel RRAGD-associated variants: (p.(Ser77Phe), p.(Thr91lle), and p.(lle100Arg)).
The functional effect of these variants was assessed by in vitro mTOR activity assays,
TFEB translocation in T-REx Hela cells stably overexpressing RRAGD-associated
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variants, and in silico RagD structure analysis. Moreover, we examined the biological
response to two commonly used diuretics in clinical routine, i.e. furosemide and
hydrochlorothiazide (HCT). Finally, patients'response to SGLT2 inhibitor dapagliflozin
was assessed as a potential treatment strategy in patients with ADKH-RRAGD.

Materials and methods
For complete methods, please refer to the Supplementary Methods section.

Study participants
The individuals included in this manuscript were identified by routine diagnostic
DNA testing (see details below). Written informed consent was obtained for the
genetic analysis and the publication of anonymized data, including the clinical
challenges of diuretics.

Molecular assays

Allin vitro experiments were performed using T-REx HeLa cell lines stably overexpressing
RRAGD WT or variants described in this study. Immunoblotting was performed on
protein materials of the cells under AA stimulation. Immunocytochemistry was
performed on T-REx Hela stable cell lines transfected with pcDNA3.1-TFEB-WT-MYC
(Addgene plasmid #99955).[21] All HeLa T-REx cell lines were cultured in the cell culture
medium (Dulbecco’s Modified Eagle Medium (DMEM) containing 25 mM Hepes, 4.5 g/L
glucose, and 4 mM L-glutamine (#42430082, Thermo Fisher Scientific, California, USA),
supplemented with 10% FBS (Greiner Bio-One, Alphen aan den Rijn, the Netherlands),
1 mM sodium pyruvate (Thermo Fisher Scientific, California, USA), and 1% v/v MEM
non-essential amino acids solution 100x (Capricorn Scientific GmbH, Ebsdorfergrund,
Germany)) in a humidified 37°C incubator with 5% (v/v) CO, unless stated otherwise.

Furosemide and hydrochlorothiazide testing

In order to assess the effects of furosemide on urinary ion excretion in patients
with the p.(Thr97Pro) RRAGD variant, a single oral dose of 40 mg furosemide was
administered in routine renal physiology explorations after informed consent
of each participant (n=4). To assess the effects of hydrochlorothiazide (HCT) on
urinary ion excretion in patients with p.The97Pro RRAGD variant, a single oral dose
of 50 mg HCT was administered in routine renal physiology explorations after
informed consent of each participant (n=4). The study duration was 6 hr post-
administration of HCT. To compare the patients’ response to each diuretic to the
healthy population, we re-analyzed ClI-and Mg?* data from furosemide testing done
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by Bech et al. using the same protocol (2017).[22] Mg?* levels were not reported in
the original publication but were taken from the unpublished study files.

Dapagliflozin treatment

To assess the effect of dapagliflozin on serum ion levels in patients with p.(Thr97Pro)
RRAGD variant (n=6), blood samples were collected at baseline and 15 days after a
daily oral dose of 10 mg of dapagliflozin in real-life settings.

Statistics

For the in vitro studies, Two-way ANOVA was performed. This was followed by
Dunnett multiple comparisons test for the immunocytochemistry results or Sidak
multiple comparisons test for the immunoblotting results. Multiple comparisons
were performed by comparing the mean of mock, RRAGD mutants p.(Ser77Phe),
p.(Thro1lle), and p.(lle100Arg) to the mean of RRAGD WT cells, within the amino acids
treatment group. Statistical significance at P < 0.05 was considered significant. For
other studies, no statistical tests were performed. All statistical tests were performed
using GraphPad Prism version 10.4.0 for MacOS, GraphPad Software (Massachusetts,
USA). All image analyses were performed in Fiji, ImageJ2 version 2.14.0.[23, 24]

Results

Clinical presentation of new patients with RRAGD variants

Routine diagnostic screening of patients with suspected familial kidney
tubulopathies resulted in the identification of 7 families consisting of 12 individuals
with variants in RRAGD (Table 1). Clinical and laboratory findings are described in
Table 1, Figure 1, and Supplementary Figure 1a-c.

Main kidney tubulopathy phenotypes in RRAGD-associated autosomal dominant
kidney hypomagnesemia (ADKH-RRAGD) are present in all patients described in this
study: hypomagnesemia, hypokalemia, salt-wasting, and nephrocalcinosis (Table 1,
Figure 1a&b, Supplementary Figure 1a-c). Additionally, nephrolithiasis was present
in F1.1, F2.2, and F3.2 individuals. In addition to the kidney tubulopathy, dilated
cardiomyopathy was found in 4 individuals (F4.1, F4.2, F5.1, and F7.1) as shown by
the enlargement of left ventricles (Figure 1b, Supplementary Figure 1d). Individual
F4.3, daughter of F4.2, did not present with dilated cardiomyopathy but developed
excessive apical trabeculations with normal left ventricular ejection fraction
(LVEF) at 6 years old. Family 4 was first described by de Frutos et al., 2024.[3] Heart
transplantation was performed in individuals F4.1, F4.2, and F7.1. In individual F7.1,
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Masson trichrome staining of explanted heart ventricular samples indicated the
presence of diffuse myocardial fibrosis (Figure 1c). Moreover, in the left ventricular
posterior wall section, diffuse interstitial fibrosis with infiltrating lymphocytes and
macrophages can be seen (Figure 1d). In Family 1, the mother and two maternal
uncles of the proband individual F1.1 presented with kidney tubulopathy, while
the maternal grandmother experienced nephrolithiasis. The seven families were
described in more detail in the Supplementary Appendix.

a

Figure 1. Renal tubulopathy and dilated cardiomyopathy in ADKH-RRAGD patient F7.1. (a-b) Ultra-
sound images: (a) left and right kidney showing nephrocalcinosis (structures pointed by red arrow),
(b) left: parasternal long axis view of the heart, right: apical 4 chamber view of the heart. (c) Masson
trichrome staining of the explanted left ventricle anterior wall longitudinal section, showing interstitial
fibrosis with blue collagen fibers surrounding red individual cardiomyocytes (magnification 200x).
(d) Macroscopy picture of the sliced left ventricle of the explanted heart showing excessive trabeculation
(top to bottom: apical to basal). LA: left atrium, LV: left ventricle, RA: right atrium, RV: right ventricle.
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Table 1. Clinical characteristics. DCM: dilated cardiomyopathy, EF: ejection fraction, FE: fractional
excretion, FS: fractional shortening, N: no, N/A: not applicable, n.d.: not determined, S- = serum value,

Y: yes, ?: unknown.

Individuals F1.111.1 F2.11.1 F2.11.2 F2.1.4 F3.111.1 F3.11.1
Origin Ashkenazi Jew UK-SE Asia  UK-SE Asia  UK-SE Asia  Germany Germany
Sex F F F M F F
Age at manifestation  Adulthood* 7yr 2yr 8m 15yr 20yr
Current age 46 yr 11yr 8yr Tyr 16 yr 44 yr
Cardiac symptoms
DCM (age of finding) N N N N N N
FS (%) N/A N/A N/A N/A N/A N/A
EF (%) N/A N/A N/A N/A N/A N/A
LVEDD (mm) N/A N/A N/A N/A N/A N/A
Heart transplantation N/A N/A N/A N/A N/A N/A
(age)
Renal symptoms
Hypomagnesemia- Y - Paresthesia N N N Y - Cramps,
related symptoms Weakness
Nephrocalcinosis Y Y Y Y Y
Nephrolithiasis Y N
Polyuria N
Metabolic alkalosis Y Y Y N Y n.d.
Laboratory findings
S-Ca (mmol/L; N=2.2- 2.4 239 246 2.68 2.28 n.d.
2.6)
S-Cl (mmol/L; N=98- 100 102 99 106 98
107)
S-K(mmol/L;N=3.5- 3.5 34 29 4.2 2.8
5.1)
S-Mg (mmol/L; 0.41 0.61 0.62 0.93 0.52
N=0.7-1.1)
S-Na (mmol/L; 139 139 137 139 141
N=136-145))
S-PO, (mmol/L) 1.13 1.48 1.29 215 0.92
S-creatinine (mg/dL;  0.64 0.47 0.41 0.29 0.41
N=0.73-1.18)
S-HCO, (mmol/L; 22 26 27 21 27.9
N=22-31)
FE-K (%; N=5.5-17) 17 - 77 mmol/ 13 19 11 n.d.

24 h 55
FE-Mg (%; N=3-5) 51-269 mg/ 3.2 6.2 29 n.d.

24 h 246
FE-Na (%=0.1-2) 41 -227 mmol/ 0.3 0.1 0.4 nd.

24h 106
Ca/Crea-ratio (mol/ eGFR >60 >=60 mL/ 0.26 1.03 1.4

mol) min/1.73m2
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F4.11.1 F4.11.2 F4.111.3 F5.11.1 F6.11.1 F7.11.1
Spain Spain Spain Argentina Spain Bosnian
F F F M M F
35yr 35yr 6yr 6 mo 5yr 25yr
48 yr 48 yr 8yr 16yr 7.5yr 13yr
Y (33yr) Y (33yr) N* Y N Y (7 yn)
N/A N/A N/A 25 26 6
N/A N/A 55 48 50 21
N/A N/A 56 46 42 66
Y, 47 yr Y, 42 yr N/A N N/A Y, 9yr
Y - carpopedal spasms Y - carpopedal Y - paresthesia Y N N

spasms and tetany

Y Y
N N N
? ? Y

(+
polyhydramnios)

Y Y Y Y Y Y
1.72 1.72 25 244 237 248
92 92 105 97 29 N/A
2.8 2.8 3.76 34 3 3
0.45 0.53 0.62 0.33 0.37 0.63
136 135 142 136 137 134
155 1.55 1.58 13 1.36 12
0.8 0.8 0.34 0.38 0.37 0.38
31 30 294 29.8 23 N/A
n.d. n.d. 18.7 21 17 5.6
n.d. n.d. 13 14.2 16 8.50
n.d. n.d. 1.4 0.3 0.5 0.13

0.14 mg/mg 0.17 mg/mg 0.44 mg/mg 0.05mg/mg 0.42mg/mg 0.16
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Table 1. Continued

Individuals F1.11.1 F2.1l.1 F2.11.2 F2.1.4 F3.11.1 F3.11.1
Therapy
Magnesium MAGNESIUM-OXIDE 400 N N N 300 mg three
supplementation (241.3 Mg) MG tablet times daily
Potassium potassium chloride N N N 315mg=8
supplementation (K-TAB) 20 mEq CR mmol =8 mval
tablet K+ twice daily
Heart failure eplerenone N N N none
medication
Others laxatives Laxatives, N Vit D 1000 .U.
antibiotic per day
prophylaxis
(uty

Genetic findings (RRAGD variants)

Nucleotide c.272C>T c.272C>T c.272C>T c.272C>T €.299T>G c.299T>G
Protein p.(Thro1lle) p.(Thr91lle) p.(Thr91lle) p.(Thr91lle) p.(lle100Arg) p.(lle100Arg)
Inheritance ? Dominant? Dominant? Dominant? Dominant Dominant

*Patient F1.1Il.1 experienced nephrolithiasis since 15 months of age. Further testing was performed
only in adulthood. The inheritance pattern of this patient is unknown. *Patient F4.1I1.3 developed apical
trabeculations at 6 years old. Y: yes, N: no, N/A: not applicable, n.d.: not determined, ?: unknown.

Within this patient cohort, three novel variants, RRAGD p.(Ser77Phe), p.(Thr91lle),
and p.(Ile100Arg), were identified. These variants were absent in gnomAD. For three
individuals (F5.1, F6.1, and F7.1), the RRAGD p.(Ser76Leu) and p.(Ser77Phe) variants
occurred de novo as both parents of the patients were unaffected (Figure 2a). In
Families 3 and 4, dominant inheritance is confirmed.

In silico modeling of RRAGD p.(Ser77Phe), p.(Thr91lle), and
p.(lle100Arg) variants

To evaluate the consequences of the novel RRAGD variants on the protein
structure, we generated an in silico modeling. All three variants are located just
outside the G-box domains G1 and G2 (Figure 2b), which are predicted to mediate
phosphate and Mg?** binding.?® Multiple sequence alignment analyses showed high
conservation of the Ser-77, Thr-91, and lle-100 residues (Supplementary Figure 2).
Using the crystal structure of RagD in complex with a GTP analog (PDB: 2Q3F), the
consequences of the p.(Ser77Phe), p.(Thr91lle), and p.(lle100Arg) variants were
evaluated. Residue Ser-77 is located within the nucleotide-binding region in RagD
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F4.ll.1 F4.11.2 F4.lll.3 F5.11.1 F6.11.1 F7.11.1

Y Y Y Y Y Y

Y Y Y Y Y N

Y Y N Y N ACEi
Immunosuppressives immunosuppressives Citrate Carvedilol Potassium Immunosuppressive
(heart transplant). (heart transplant) supplementation citrate + drugs: everolimus
Progression to renal thiazides +  tacrolimus

failure, patient is being enalapril

evaluated as a candidate
for kidney transplant

c.227C>T c.227C>T c.227C>T c.227C>T c.227C>T c.230C>T
p.(Ser76Leu) p.(Ser76Leu) p.(Ser76Leu) p.(Ser76Leu) p.(Ser76Leu) p.(Ser77Phe)
Dominant Dominant Dominant de novo de novo de novo

(Figure 2c and d). Mutating Ser-77 to Phe-77 drastically enlarged the physical size
of the residue and, therefore, would likely interfere with the nucleotide-binding
capability of RagD (Figure 2d). Residue Thr-91 is positioned closely to the binding
site of the nucleotide (Figure 2c and d). Thus, mutation at this residue to a larger
isoleucine might affect nucleotide binding (Figure 2d). Lastly, residue Ile-100
is located in a hydrophobic pocket, surrounded by other hydrophobic residues
(Figure 2c and d). Such hydrophobic sides are known to be energetically favorable
for ligand binding.?® The p.(lle100Arg) variant, however, induced a change in
properties from hydrophobic isoleucine to a larger and hydrophilic arginine
(Figure 2d). Additionally, upon change to arginine, a steric clash to neighboring
residues was observed (Figure 2d). Thus, this variant might result in protein binding
instability. Of note, we compared the corresponding RagD residues to RagC in
complex with Raptor, Ragulator, RagA, and TFEB (PDB: 7UX2) and found that Ille-100
residue is not directly interacting with any of these proteins.
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Figure 2. In silico modeling of the novel RRAGD variants. (a) Pedigrees of all families described in
this study. The square shows males, while the circle shows females individuals. The crossed symbol
indicates deceased individual. Filled symbols indicate affected individuals: grey indicates
nephrolithiasis, black indicates kidney tubulopathy, and red indicates dilated cardiomyopathy (DCM).
Proband individuals are marked with a black arrow. * Adapted from de Frutos et al,.> * Adapted from
Schlingmann et al. and Trepiccione et al.," % (b) Schematic representation of RagD domain organization
and the location of novel RRAGD variants (in black) and previously identified RRAGD variants (in grey).
CTD: C-terminal domain. (C-F) Crystal structure of RagD in a complex with a GTP analog, GMPPNP (PDB
structure: 2Q3F, shown as colored spheres). (c) Overview of RagD. Variant sites Ser-77 (S77), Thr-91
(T91), and Ile-100 (1100) are highlighted in green. (d) Close-up views of the mutated residues: (left) p.
(Ser77Phe) (S77F), (middle) p.(Thr91lle) (T91l), and (right) p.(lle100Arg) (1100R). Mutated residues are
highlighted in orange, the native residues are in green. The red dashed circle indicates a steric clash.
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Figure 3. The effects of RagD p.(Ser77Phe), p.(Thr91lle), and p.(lle100Arg) variants on mTORC1
signaling. (a) Representative immunoblots of S6K, p-S6K, 4E-BP1, p-4E-BP1, TFEB, p-TFEB, GFP
(RagD), GAPDH, and Ponceau S staining in T-REx HelLa cell lines overexpressing GFP-Mock, RagD-
WT, -p.(Ser77Phe), -p.(Thr91lle), and -p.(lle100Arg) (S77F, T91l, and 1100R in the figure, respectively)
in the presence (+AA) or absence (-AA) of amino acids. (b-e) Graphs showing quantification of
(b) p-S6K signal over ponceau, (c) p-S6K signal over S6K, (d) p-TFEB signal over ponceau, (e) p-TFEB signal
over TFEB (mean + SEM from 3 independent experiments). (f) Representative immunocytochemistry
images of GFP-RagD T-REx Hela cell lines upon TFEB transfection and subsequent AA stimulation. The
cells were stained with anti-TFEB (red) and counterstained with DAPI (blue). The nuclei of TFEB-positive
cells are outlined in yellow. Scale bar: 20 pm. (g) Quantification of TFEB nuclear/total cell signal from
3 independent experiments. Whiskers are extended from the maximum to the minimum points, and
the middle line shows the median.
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Non-canonical mTORC1 signaling is constitutively active due to
RRAGD variants

We have previously reported that RRAGD variants identified in the initial cohort resulted
in the overactivation of mTORC1 signaling.! To study the effects of the new variants
described in this study on mTORC1 signaling, stable T-REx HelLa cell lines overexpressing
GFP (mock), or GFP-RagD WT or mutants p.(Ser77Phe), p.(Thr91lle), and p.(lle100Arg)
were generated. The cells were exposed to amino acids rich (+AA) or amino acids
deprived (-AA) medium for 1 hr. Subsequently, phosphorylation of canonical and non-
canonical mTORC1 targets, S6K, 4E-BP1, and TFEB was assessed (Figure 3a-e). Under -AA
conditions, phosphorylation of TFEB in RagD-p.(Ser77Phe) and -p.(lle100Arg) cells was
significantly higher than in RagD-WT cells (mean + SEM; p.(Ser77Phe) 0.07 £ 0.01 vs. WT
0.03+£0.01; p.(Ile100Arg) 0.8 £ 0.07 vs. WT 0.40 + 0.06) (Figure 3a, d, and e). Interestingly,
TFEB phosphorylation was not different in RagD-p.(Thr91lle) cells compared to RagD-
WT cells (Figure 3a-e). No significant differences in S6K and 4E-BP1 phosphorylation
were detected in all cell lines, both in +AA and -AA conditions (Figure 3a-c).

Previously, TFEB was reported to be retained in the cytoplasm when RagD is
constitutively active.? To test if TFEB subcellular localization is affected by the
three novel RRAGD variants, all GFP-RagD T-REx Hela cell lines were transiently
transfected with TFEB and exposed to amino acid deprivation (1 hr), after which
immunocytochemistry was performed for TFEB (Figure 3f & g). In line with the
immunoblotting results, overexpression of RagD-p.(Ser77Phe) and -p.(lle100Arg)
resulted in a significantly reduced nuclear translocation of TFEB under -AA
compared to RagD-WT cells (p.(Ser77Phe) 0.09 £ 0.01, p.(Ile100Arg) 0.13 + 0.01 vs.
WT 0.25 + 0.02) (Figure 3f & g). Additionally, RagD-p.(Thr91lle) overexpression did
not affect TFEB nuclear translocation in -AA conditions (Figure 3f & g).

Diuretic challenges

To further characterize the renal phenotype of the RRAGD variants, we examined
the patients’ response to furosemide and HCT diuretics as measures for Na*
reabsorption in the thick ascending limb (TAL) and distal convoluted tubule (DCT),
respectively. Four patients carrying the RRAGD p.(Thr97Pro) variant (previously
reported in') were tested in hospital settings for renal physiology explorations.
In healthy populations, 40 mg of furosemide causes increased urinary excretion
of Na*, K*, CI, Ca**, and Mg**.22%2° As depicted in Table 2, the median [min;
max] fractional excretions (FE, %) at baseline (T=0) were Na* (0.71 [0.1; 1]), K*
(14.6 [6.60; 26]), CI-(1.03 [0.2; 2]), Ca** (0.8 [0.1; 1.1]), and Mg2+ (5.6 [2.5; 6.5]). These
FEs increased over time after furosemide ingestion and peaked after 2 hr (Figure 4a,
Supplementary Table 2, Supplementary Figure 3a-d). Accordingly, serum Mg?*
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concentrations decreased from 0.44 mM [0.40; 0.47] at baseline to 0.37 mM
[0.36; 0.41] (Figure 4b). To compare the patients’ response to furosemide to the
healthy population, we re-analyzed data from Bech et al. (2017)?2. The maximal
increase of FE of CI (i.e.,, maximal A FE CI) of the ADKH-RRAGD patients following
furosemide treatment is within the range of healthy individuals (ADKH-RRAGD
patients 13.0% [12.4; 17.6] vs. healthy individuals 11.23% [3.9; 26.3]) (Supplementary
Figure 3e, Table 2). The maximal A FE Mg?*" of ADKH-RRAGD patients was in the
higher portion than in healthy individuals but still falls within range (ADKH-RRAGD
patients 18.2% [17.1; 19.9] vs. healthy individuals 11.1% [7.1; 20.9]) (Figure 4c).

Table 2. Furosemide treatment. Fractional excretion (FE) of CI and Mg?** at baseline (T=0), maximal,
maximal A (maximal value — baseline value), and the time of maximal FE reached. Values represent the
median [min; max] of twenty-five healthy individuals[22] and four ADKH-RRAGD patients following p.o.
40 mg furosemide for 3 hr.

Healthy controls (n=25) ADKH-RRAGD patients (n=4)

Baseline FE CI (%) 1.16 [0.45; 6.74] 1.0[0.2;2.1]

Maximal FE CI- (%) 12.79[5.24; 27.5] 14.3[13.4,184]

Maximal AFE CI- (%) 11.23[3.91; 26.29] 13.0[12.4;17.6]

Time max. FE CI (hr) 2(1;3] 2102;2]

Baseline FE Mg** (%) 2.8[0.3;6.3] 5.6 [2.5; 6.5]

Maximal FE Mg?* (%) 14.51[7.7;25.8] 24.4[19.6; 25.3]

Maximal AFE Mg?* (%) 11.1[7.1; 20.9] 18.2[17.1;19.9]

Time max. FE Mg?* (hr) 21[1;3] 2[2;2]

The administration of 50 mg of HCT typically causes an increased urinary excretion of
Na*, K*, and Cl, with decreased Ca** excretion.>* Magnesium excretion physiologically
remains unchanged or slightly increased after HCT. As summarized in Table 3, median
[min; max] FE (%) at baseline were Na* (0.5 [0.2; 1.3]), K* (17.2 [6.3; 25.5]), Cl (1.2
[0.3; 2.1]), Ca** (0.6 [0.3; 1]), and Mg** (5.1 [2.9; 9.9]). The FE of Na*, K*, and Cl" increased as
early as 2 hr and remained stably high (Supplementary Table 3, Supplementary Figure
4a-c). FE Ca** stayed stable throughout the 6-hr (Supplementary Figure 4d). Compared
to the healthy individuals cohort treated with 50 mg HCT for 6 hr,?> the maximal median
of A FE CI after HCT administration in ADKH-RRAGD patients was similar to the healthy
cohort (3.1% [2.5; 4.3] ADKH-RRAGD patients vs. 2.5% [1.3; 4.7] healthy individuals)
(Supplementary Figure 4e, Table 3).[22] Furthermore, the FE of Mg?** steeply increased
after 2-hr oral exposure to 50 mg of HCT (24.4% [19.6; 25.3] vs. 11.6% [7.7; 18.8) in
healthy controls], with no significant change in serum Mg?*levels (Figure 5a&b, Table 3).
The maximal median A FE Mg?* in ADKH-RRAGD patients, however, was in range with
that in healthy individuals (2.8% [0; 6.1] vs. 4% [0; 7.9]) (Figure 5¢, Table 3).
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Figure 4. The effects of furosemide diuretics administration on fractional excretion of magnesium
and serum magnesium in ADKH-RRAGD patients. Fractional excretion (FE) of Mg** (a), serum Mg*
(b)) and maximal A FE Mg?* in ADKH-RRAGD patients (blue, n=4) or healthy individuals (grey, n=25)[22]
following p.o. 40 mg furosemide. In the box and whiskers graph (c), the box represents the 25" to the 75"
quartile, the whiskers extend from the minimum to maximum points, and the middle line represents the
median. Data points represent individuals.

Max. AFE Mg?* (%)

FE Mg? (%)
Serum Mg?* (mmol/L)
5
o
I S I

ﬂ :
0 T T 1 0.35 T T 1

0 + !
0 2 4 6 0 2 4 6 Control Patients

Hours post-HCT treatment Hours post-HCT treatment

Figure 5. The effects of HCT diuretics administration on fractional excretion of magnesium and
serum magnesium in ADKH-RRAGD patients. Fractional excretion (FE) of Mg?* (a), serum Mg?* (b),
and maximal A FE Mg?" in ADKH-RRAGD patients (blue, n=4) or healthy individuals (grey, n=25)[22]
following p.o. 50 mg HCT administration. In the box and whiskers graph (c), the box represents the 25"
to the 75" quartile, the whiskers extend from the minimum to maximum points, and the middle line
represents the median. Data points represent individuals. HCT: hydrochlorothiazide.

Table 3. HCT treatment. Fractional excretion (FE) of CI-and Mg?*at baseline (T=0), maximal, maximal A
(maximal value - baseline value), and the time of maximal FE reached. Values represent the median
[min; max] of twenty-five healthy individuals[22] and four ADKH-RRAGD patients following p.o. 50 mg
HCT (hydrochlorothiazide) for 6 hr.

Healthy controls (n=25) ADKH-RRAGD patients (n=4)
Baseline FE CI (%) 1.04 [0.26; 1.64] 1.19[0.31; 2.1]
Maximal FE CI (%) 3.47[2.13;5.63] 4.18 [3.65; 4.65]
Maximal AFE CI- (%) 2.53[1.32;4.73] 3.15[2.46; 4.29]
Time max FE CI (hr) 412;4] 3[2;4]
Baseline FE Mg?* (%) 3.3[0.1;6.3] 5.05[2.9;9.9]
Maximal FE Mg?* (%) 6.6 [4;12.9] 8.45[7.8;9.9]
Maximal AFE Mg?* (%) 4[0;7.9] 2.810;6.1]

Time max. FE Mg?* (hr) 4[0; 6] 5[0;6.1]
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Therapeutic perspective

Current therapy available for patients with ADKH-RRAGD is limited to Mg?* and K*
supplementation. Although SGLT2 inhibitors, including dapagliflozin, have been
recommended in the management of patients with chronic cardiomyopathy,®
no data are available on the use of SGLT2 inhibitors in ADKH-RRAGD patients to
date. Here, we have evaluated the impact of 15 days of daily exposure to 10 mg
dapagliflozin on serum ion levels in 6 patients from the p.(Thr97Pro) RRAGD family.
After 15 days of dapagliflozin intake, serum concentration of Mg?* was increased by
0.04 mM from baseline (median [min; max], 0.40 [0.34; 0.53] mM) to D15 (0.44 [0.39;
0.58] mM) (Table 4, Figure 6a). Of note, the median serum K* levels dropped by 0.25
mM at D15 (3.4 [3.0; 4.1] at baseline; 3.15 [2.4; 3.7] at D15). Serum creatinine levels
did not change within the 15 days of dapagliflozin treatment (0.68 mg/dL [0.5; 1] at
baseline; 0.69 mg/dL [0.5; 1] at D15).

a 0.6

erum Mg2* (mmol/L)
{ 2

0.0 ‘
Baseline Dapa

Figure 6. Dapagliflozin and serum Mg?** levels in ADKH-RRAGD patients. Serum Mg?** levels at day 0

(baseline) and after 15 days of 10 mg dapagliflozin treatment (dapa) in six ADKH-RRAGD patients. Data

points represent individuals.

Table 4. Dapagliflozin data. Values represent the median [min; max] of six patients following p.o. 10 mg
dapagliflozin for 15 days.

Baseline Dapa A Dapa-
Baseline

Blood
Osmolarity (mosm/kg; N=281-303) 281 [281;291] 282 [279; 288] 1.00
Na* (mmol/L; N=136-145) 142 [138; 143] 141 [140; 144] -1.00
K* (mmol/L; N=3.5-5.1) 3.4(3;4.08] 3.15[2.4;3.67] -0.25
CI" (mmol/L; N=98-107) 96 [90; 108] 95.5 [88; 106] -0.50
Ca?" (mmol/L; N=2.2-2.6) 24(23;27] 2.44(2.3;2.51] 0.04
Mg?* (mmol/L; N=0.66-1.07) 0.41[0.34; 0.53] 0.44[0.39; 0.58] 0.04
HCO3 (mmol/L; N=22-31) 33.75[26;38.4] 31.4[27.4;39.6] -2.35
Creatinine (mg/dL; N=0.73-1.18) 0.68[0.47; 0.9] 0.69[0.49; 1] 0.01

eGFR (mL/min/1.73m2; N=>60) 109.9 [88.1; 128.5] 104.65[77.6;128.5] -5.25
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Table 4. Continued

Baseline Dapa A Dapa-
Baseline

PTH 3rd generation (ng/L) 27.9[18.1;40.1] 229([15.5;33.4] -5.00
Glucose (mg/dL; N=60-100) 91.5[75;142] 94[78;151] 2.50
Urine
Osmolarity (mosm/kg; N=50-1200) 152.65 [88; 214.2] 112.75 [49; 214] -39.90
Na* (mmol/L; N=22.3-200.1) 70.54 [42; 82.94] 64.48 [47.3; 95] -6.07
K* (mmol/L; N=20.6-101.9) 100.5 [76; 125] 1741[131;217] 73.50
Cl- (mmol/L; N=27-225) 3.96 [2.63; 6.3] 4.3[2.6;8.8] 0.34
Creatinine (mg/dL; N=0-37.7) 5.06[1.82;6.21] 3.9[3.1;6.33] -1.16
Ca/Creat (mmol/g creat; N=0.3-6.1) 0.4[0.4;04] 6.63 [1.6; 27.09] 6.23
Mg/Creat (mmol/g creat; N=0.74-4.53) 1.43[0.7136; 2.0] 1.31[0.673; 1.98] -0.11

Discussion

In this study, we identified seven novel families comprising 12 patients with
pathogenic variants in RRAGD. Pathogenicity of the novel RRAGD variants was
confirmed by assessing mTORC1 activity in T-REx Hela cells. The identified
RRAGD p.(Ser77Phe) and p.(lle100Arg) variants rendered mTORC1 insensitive to
amino acids starvation, resulting in a constitutive activation of the non-canonical
mTORC1 signaling pathway. Additionally, diuretic challenges revealed that Na*
reabsorption in patients remained sensitive to furosemide and thiazide treatment.
Most importantly, SGLT2 inhibition by dapagliflozin increased serum Mg?* levels in
a small cohort of 6 individuals with the RRAGD p.(Thr97Pro) variant.

RagD, one of the four small Rag GTPases, is involved in amino acid sensing
by mTORC1. Using an in vitro model, we demonstrated that p.(Ser77Phe) and
p.(lle100Arg) RRAGD variants rendered mTORC1 non-canonical signaling (i.e.,
TFEB phosphorylation) insensitive to amino acids signaling, but not the canonical
signaling (i.e., S6K and 4E-BP1 phosphorylation). Specifically, these RRAGD variants
led to constant phosphorylation of TFEB and reduced TFEB translocation to the
nuclei. This is in line with Sambri et al’s study where non-canonical mTORC1
signaling was affected by the RRAGD variants in their in vitro model.2 Concerning
mTORC1 canonical signaling, we previously showed that most of the RRAGD
variants from the initial patient cohort resulted in the overactivation of canonical
mTORC1 signaling as shown by increased phosphorylation of S6K under amino
acids starvation.! Indeed, our results showed that p.(Ser77Phe) and p.(lle100Arg)
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RRAGD variants tended towards a slight increase in S6K phosphorylation, but this
was not statistically significant. Therefore, we suggest that RRAGD variants affect
non-canonical MTORC1 signaling more strongly than canonical signaling and that
the degree of overactivation of the mTORC1 canonical signaling might vary per
mutation, as already previously highlighted by the RRAGD p.(Thr97Pro) variant.”

Common symptoms reported in this cohort included hypomagnesemia (11/12),
nephrocalcinosis (11/12), hypokalemia (10/12), metabolic alkalosis (10/12), and
dilated cardiomyopathy (4/12). These 12 new ADKH-RRAGD patients, together with
previous reports, represent the most extensive phenotypic characterization of the
disease to date (Table 5)."*%” Across 36 identified patients, kidney tubulopathies were
nearly universal, with 23 presenting in childhood and 11 developing them later in life.
In all known RRAGD cases, cardiomyopathies are present in about half of the patients
(n=17) with DCM being the most prominent form (n=12). DCM was diagnosed in
childhood in 8 out of the 12 patients affected. In addition to DCM, other forms of
cardiomyopathy are also found among ADKH-RRAGD patients, which are ventricular
arrhythmia (3/17), myocardial infarction (1/17), and excessive apical trabeculations
with normal LVEF (1/17). Among these cases of non-DCM cardiomyopathy, three
patients were diagnosed in childhood and the other two in adulthood.

Interestingly, half of all patients (17/36) presented with isolated kidney
tubulopathies, suggesting that renal and cardiac phenotypes can occur
independently. While cardiomyopathies typically manifest early, four patients
developed DCM in adulthood. Thus, we recommend that healthcare providers
continue to monitor the cardiac health of ADKH-RRAGD patients, with particular
attention to pediatric cases. Regarding the distribution by sex of the patients with
DCM, 40% of the affected females and 21% of the affected males presented with
DCM. In the future, it would be important to monitor if age and sex are determinant
factors for disease outcomes and if more factors can be identified. This would
require the identification of more patients and follow-up of current patients.
Finally, we would like to highlight that half of all patients (17/36) presented with
only kidney tubulopathy and no cardiac dysfunction, at least until the most recent
follow-up, suggesting that the two key phenotypes can occur separately. Therefore,
future ADKH-RRAGD patient screening should also be done in patient cohorts with
idiopathic DCM or other cardiomyopathies with proven/frequent genetic origin.
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Table 5. Summary of all identified patients with pathogenic RRAGD variants.

Variants p.(Ser76Leu) p.(Ser76Trp) p.(Ser77Phe) p.(Pro88Leu) p.(Thr91lle)
Patients (family) 8 (6) 1(1) 1(1) 8(1) 4(2)
Initial clinical presentation KT (5), DCM (3) KT (1) KT (1) KT (5), DCM (1) KT (4)
Childhood tubulopathies® Yes Yes Yes 3/8 3/4
Adulthood tubulopathies No No No 4/8 1/4
Hypomagnesemia Yes Yes Yes Yes Yes
Nephrocalcinosis Yes Yes Yes 3/8 Yes
Nephrolithiasis No No No 3/8 2/4
Polyuria 2/8 Yes Yes 2/8 No
Metabolic alkalosis 6/8 Yes Yes ? 3/4
Childhood DCM* 3/8 No Yes No No
Adulthood DCM 2/8 No No 2/8 No
Heart transplantation 3/8(31yn* No Yes (9 yr) 1/8 (43 yr) No
Other cardiomyopathies 1/8 No No 4/8 No
In vitro mTORC1 activation

Canonical signaling Yes Mild Mild No No
Non-canonical signaling Yes ? Yes Yes No

Summary of known patients with pathogenic RRAGD variants described in this study and previous
reports.”>?” Kidney tubulopathy (KT), dilated cardiomyopathy (DCM), mechanistic target of rapamycin
complex 1 (mTORCT). “Infancy - early adolescence (< 18 yr), *average age, *some family members were
incidentally diagnosed in adulthood due to family screening, ? unknown number of cases or has never
been investigated.

Due to the phenotypic variability in the patients (i.e.,, not all variants lead to the
same clinical manifestations), we hypothesized that the severity of symptoms can
be attributed to the degree of mTORC1 dysregulation caused by the RRAGD variant.'
However, our data revealed that the effects of the variant on mTORC1 activation
alone are not linear to the clinical manifestations. In this study, we described RRAGD
p.(Thr91lle) patients exhibiting the complete set of renal phenotypes seen in other
patients without DCM. In vitro assessment showed that this variant did not induce
mTORC1 overactivation in our stable T-REx HeLa cell line. Previously, we have observed
that RRAGD p.(Thr97Pro) variant also induced a less pronounced mTORC1 signaling
activation.! Interestingly, patients with p.(Ile100Arg) variant presented with the same
clinical manifestations as p.(Thr91lle) patients. However, RRAGD p.(Ile100Arg) variant
did show an increased mTORC1 activity under amino acids starvation. Nevertheless,
the effects of RRAGD variants on mTORC1 signaling have so far been assessed in
HEK293 and Hela cells, as well as whole zebrafish embryo lysates.”>'® Future functional
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p.(Thr97Pro) p.(lle100Arg) p.(Pro119Leu) p.(Pro119Arg) p.(lle221Lys) Total
8(1) 2(1) (1) 2(2) 1(1) 36 (17)
KT (8) KT (2) DCM (1) KT (2) DCM (1) KT (28), DCM (6)
2/8 1/2 Yes Yes Yes 23
6/8* 1/2 No No No 1
Yes 1/2 Yes Yes Yes 35
No Yes Yes Yes Yes 21
1/8 1/2 ? ? No 7
2/8 No Yes Yes Yes 12
4/8 1/2 No No Yes 17
No No Yes Yes Yes 8
No No No No No 4
No No No 1/2 (25 yr) Yes (15 yr) 7(18yr)*
No No No No No 5
No Mild Mild Yes Yes 7 (4 mild)
Yes Yes Yes ? Yes 7

studies to assess the effects of RRAGD variants on renal transport and cardiac function
are necessary to fully elucidate the molecular mechanisms of this rare disease.

The renal phenotypes seen in ADKH-RRAGD patients resemble Bartter syndrome
and Familial Hypomagnesemia, Hypercalciuria, and Nephrocalcinosis (FHHNC) in
which the thick ascending limb (TAL) section of the renal tubule is affected.?** In
family 8, which is affected by the variant p.(Thr97Pro), the absence of hypercalciuria
and nephrocalcinosis more closely resembles Gitelman syndrome where the Na*-
Cl- cotransporter (NCC) is impaired, suggesting a defect in the distal convoluted
tubule (DCT).* This, together with the fact that RagD is mainly expressed in the
distal segments of mouse nephrons, points to a TAL and DCT defect in ADKH-
RRAGD patients.! Paracellular Mg?* and Ca?* transport in the TAL is driven by the
activity of the Na*-K*-2Cl cotransporter 2 (NKCC2). Thus, dysfunctional NKCC2 could
affect Mg?* and Ca?* homeostasis.
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Currently, the therapeutic management of ADKH-RRAGD patients focuses on
symptomatic treatment with Mg?* and K*supplementation. According to guidelines,
patients with DCM should also receive renin-angiotensin system (RAS) and SGLT2
inhibitors.’®?° In this study, we explored the impact of dapagliflozin (SGLT2 inhibitor)
treatment on serum Mg?*" levels: we demonstrated that dapagliflozin increased
serum Mg?* levels in p.(Thr97Pro) RRAGD patients (i.e., by 0.04 mM). Interestingly,
SGLT2 inhibitors have been shown to have both renal and cardioprotective
properties in both patients with and without type 2 diabetes mellitus.?”*® More
recently, SGLT2 inhibitors have been associated with a mild increase in serum
Mg?** levels (0.06-0.3 mM) in diabetic patients with hypomagnesemia.***' The mild
increase in serum magnesium level is, however, significant given the inherent
difficulty to raise serum magnesium by oral supplementation in patients with a renal
magnesium leak. In addition to increasing serum Mg?* levels, in separate studies,
the use of SGLT2 inhibitors reduced mTORC1 activation in the kidney and cardiac
myocytes, further strengthening the potential benefit of this drug for ADKH-RRAGD
patients.**** Although it was not investigated if mTORC1 activation is dampened
in patients upon dapagliflozin administration, this opens up a novel treatment
option for ADKH-RRAGD patients with hypomagnesemia, DCM, and mTORC1
overactivation. However, the associated serum K* reduction (median: 0.25 mM)
warrants consideration when prescribing this treatment.

There are a few limitations in this study. First, HeLa cells lack the expression of
relevant renal transporters, such as the claudins and NKCC2, making functional
studies not feasible in these cells. Here, we have provided evidence that mTORC1
activation is not linear to the clinical manifestations in patients in HelLa cells. It is,
therefore, crucial to investigate how RRAGD variants affect renal ion transports and
cardiac functions to further unravel the molecular mechanisms underlying this
disease. Second, the dapagliflozin trial was conducted in only one family. Future
studies should evaluate the efficacy of SGLT2 inhibitors in larger cohorts with
diverse RRAGD variants. Importantly, dapagliflozin is already clinically approved for
managing refractory hypomagnesemia and chronic cardiomyopathy.3'

In conclusion, we report a large cohort of ADKH-RRAGD patients comprising
12 individuals with three novel RRAGD variants and present the most comprehensive
phenotypic characterization of this disease to date. This work highlights the
potential of SGLT2 inhibitors as a novel treatment option for ADKH-RRAGD patients,
particularly those with hypomagnesemia, DCM, and mTORC1 overactivation. Future
studies should focus on elucidating the mechanisms of SGLT2 inhibitors and further
assessing their therapeutic benefits in ADKH-RRAGD patients.
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